environmental impacts of CS and LP at this long-term site have been well documented, their effects on crop production and stability have not.
Sustainable crop production on claypan soils is challenging due to the underlying soil resource. An abrupt clay-rich layer (i.e., claypan) located at variable and often shallow depths in the profile commonly impedes root penetration, reduces plant-available water, and increases surface runoff of water and agrichemicals (Bray, 1935; Smith et al., 1974; Kitchen et al., 1998; Myers et al., 2007) . These soil characteristics frequently result in low or negative net returns from grain crop production (Massey et al., 2008) and high vulnerability to environmental concerns of surface runoff and agrichemical loss despite gently sloping landscapes. This inherent, susceptible nature of crop production on claypan soils requires that conservation practices be utilized; especially because the two dominant crops on these soils in the midwestern United States, corn and soybean, are annuals that provide no ground cover for 5 to 6 mo during late fall to early spring.
To assess lasting or cumulative impacts of conservation practices on crop production, long-term studies spanning multiple growing seasons are critical (Mitchell et al., 1991) . To this effect, several long-term studies of CS including corn and soybean have shown that individual or combinations of conservation practices such as extended crop rotations, reduced or no-till, cover crops, and reduced agrichemical inputs have been commonly effective at maintaining or enhancing crop production and soil and water resources (Berzsenyi et al., 2000; Varvel, 2000; Posner et al., 2008; Grover et al., 2009; Coulter et al., 2011; Ma et al., 2012; Shipitalo et al., 2013; Olson et al., 2014; Zuber et al., 2015) . Most of these investigations were conducted on soils without a restrictive soil layer such as the claypan, on soils with low or no slope, and at a single LP.
Several short-term studies (<5 yr) at one or a few site-years on several soil types have investigated LP effects of grain crop productivity in rainfed cropping systems (e.g., Jones et al., 1989; Afyuni et al., 1993; Fiez et al., 1994; Timlin et al., 1998) . A common conclusion among these studies was that LP strongly influenced crop productivity, but that its effects varied by year. Large differences among years in many cases were attributed mainly to variable plant-available water among LP caused by variable weather conditions. Thus, longer-term analyses of LP effects on crop performance are useful. Three long-term trials with LP treatments have been conducted for dryland crop rotations involving winter wheat, corn, fallow, and other crops (Peterson et al., 1993; Andales et al., 2007; Sherrod et al., 2014) , but to our knowledge long-term trials with LP treatments have not been conducted in areas with higher precipitation, more intensive cropping, and eroded claypan soils. Therefore, further information is needed about how to sustain long-term grain crop production across variable claypan landscapes.
Two metrics used to evaluate the relative performance and sustainability of CS over many environmental growing conditions are yield stability and yield variability. Yield stability was first used in plant breeding trials to compare the performance of many cultivars in multiple environments (Finlay and Wilkinson, 1963) , and later in long-term trials at single sites across many years (Raun et al., 1993; Guertal et al., 1994; Grover et al., 2009; Coulter et al., 2011) . The basis of yield stability in long-term trials is the comparison of the linear coefficients or slopes of the linear correlation between a set of treatment (including CS) yields and the environmental mean or environmental index (EI; the subtraction of annual treatment yield from the environmental mean yield across treatments and years). Stable treatments have the lowest relative slope or rate of yield change as environmental conditions change (Lightfoot et al., 1987; Raun et al., 1993) . The other metric, yield variability, has been represented as the CV of yield for each treatment and crop across years (Grover et al., 2009) .
These metrics along with yield alone were used to investigate how conservation practices and their interaction with LP affect long-term grain crop production on claypan soils. The specific objectives of this research were to determine: (i) how CS and LP affect long-term corn and soybean yield, yield stability, and yield variability; and (ii) how LP affects long-term wheat yield, yield stability, and yield variability.
MATERIALS AND METHODS

Site Description and Experimental Design
The study site was established in 1991 near Centralia, MO (39°13¢48² N, 92° 7¢14² W) in the Goodwater Creek Watershed, Major Land Resource Area 113, the Central Claypan Region (USDA-NRCS, 2006) . Before establishment, the site had been cropped mainly with corn and soybean for more than 50 yr. The site was originally established as a part of the Missouri Management Systems Evaluation Areas project (Ward et al., 1994) , 5 yr later it was included in the regional Agricultural Systems for Environmental Quality project (Smith et al., 1999) , and in 2012 was included in the USDA-ARS LTAR network. At establishment, soils were characterized by Missouri Cooperative Soil Survey personnel. Based on this survey and topographic maps, the west-facing sloping landscape was classified into three dominant positions: summit, backslope, and footslope. Soils were predominately Adco silt loam (fine, smectic, mesic Vertic Albaqualf) with 0 to 1% slopes at the summit position, Mexico silty clay loam (fine, smectic, mesic Vertic Epiaqualf) with 1 to 3% slopes at the backslope position, and Mexico silt loam or silty clay loam with <1% slope at the footslope position. These soils are typical claypan soils with abrupt clay-rich layers at shallow depths. Detailed elevation, depth to claypan (depth between soil surface and B t1 horizon), and soil physical and chemical characteristics of this site were measured in 1991 and have been reported previously (Kitchen et al., 1998; Myers et al., 2007; Jung et al., 2010) . An updated summary of selected baseline soil physical and chemical properties by LP and soil horizon as determined in 1991 for this site is presented in Table 1 .
The experimental design was a randomized complete block design with a split-plot treatment arrangement and three blocks. Randomized main plot treatments were five crop management systems and nonrandomized split plots were three LP (summit, backslope, and footslope). Main plots each measured 18 m wide by 189 m long (0.34 ha) and were positioned parallel to the soil slope direction (see Kitchen et al. (1998) for plot diagram). All phases of each management system were represented and replicated three times each year. In this investigation, only three of five systems were used because management was more consistent over the analysis period. These three systems (21 of 30 main plots) were MTCS, NTCS, and NTCSW.
The three selected CS represent systems designed to manage risk on claypan soils in different ways. The MTCS system represents a conventional high yield-goal system that was reliant on agrichemicals and favorable climate to achieve those yields. It was a convenience-oriented system for the grower. Synthetic fertilizers and herbicides were applied during a "onepass" operation, most often by a custom application service for growers' fields, and then incorporated just before planting, which would reduce time requirements and allow growers to get crops planted more quickly. The NTCS system represents a conservation system that seeks to reduce sediment, nutrient, and herbicide loss. It was similar to MTCS in crop rotation and herbicides used, but differences were a lower yield goal, less fertilizer N that was knifed rather than broadcast, no-till, and more soybean herbicides applied at post-instead of preemergence. The crop-diversified NTCSW conservation system included management practices with a goal of further reducing sediment, nutrient, and herbicide loss in surface runoff. This system had an extended, 3-yr rotation that included wheat, increased soil cover from winter wheat and cover crops, reduced fertilizer N requirements due to N from legume covers, and reduced and/or more adaptive herbicides compared to the other two systems. In this system, herbicides were applied on an "as needed" basis; the timing, selection, and rates of herbicide were based on crop scouting and decision aids.
Agronomic Management
Tillage. Generally, no primary or secondary tillage occurred in NTCS or NTCSW except at the beginning of NTCSW from 1991 to 1993. The exceptions for both no-till systems after 1993 were rotary harrow tillage to 2.5-cm depth to level seedbed in corn and soybean plots in 2000, and the same tillage to destroy failed soybean in 2004. Reduced tillage operations at the beginning of NTCSW and throughout the entire study in MTCS were targeted to retain ≥30% of crop residues on the soil surface. From 1991 to 1993, primary tillage in NTCSW and MTCS consisted of one pass in the fall and one pass in the spring for corn residue or one pass in the spring for soybean residue using a disc-cultivator or disc-chisel to depths of 13 to 20 cm. Corn residue also was tilled in the fall of 1994 in MTCS, but after 1993, all primary tillage in MTCS occurred in the spring and corn and soybean residue was usually tilled the same way. This tillage consisted of one to two passes with a disc-chisel or disc-cultivator in the early spring followed by another pass just before planting to incorporate herbicide and fertilizer. In some years, more than three passes were made when planting was delayed or crops failed and had to be replanted. Secondary tillage to prepare seedbeds occurred in the spring every year and consisted of one to three passes of various combinations of a disc-cultivator at shallow depths (7-13 cm), a field cultivator, a culti-packer, or a harrow.
Seeding. From 1991 to 1994, corn and soybean seeding rates were slightly lower (3-10%) in both no-till systems than MTCS. After 1994, corn and soybean seeding rates were generally consistent across systems within a year, but not across years. Corn seeding rates increased over time from 50.9 to 71.2 thousand seeds ha -1 , whereas soybean seeding rates did not. Corn was seeded in rows spaced 0.76-m apart with a four row planter. Soybean was seeded in the same row-spacing as corn from 1991 to 1995 and 2002 to 2010 at 379 to 458 thousand seeds ha -1 , but was drilled in 0.19 m spacing the other years at 524 to 550 thousand seeds ha -1 . Corn and soybean seeding depths generally were consistent among systems within a year, but varied among years. The ranges in seeding depths were 1.9 to 5.1 cm for corn and 1.9 to 3.8 cm for soybean. In most years corn in all three systems was seeded during May. Wet soil conditions caused delayed corn seeding during June in 1995 June in , 1999 June in , 2002 June in to 2003 June in , and 2008 . Within years, corn seeding among systems occurred during a ≤6 d period in 15 of 20 yr. However, in 1993, and 2003 to 2006, some differences in seeding dates occurred among systems because wet soil conditions caused delayed planting or stand failure in some plots, which necessitated delayed seeding or reseeding. The MTCS system had to be reseeded more frequently (6 yr) than NTCS (3 yr) or NTCSW (2 yr). Soybean was seeded during mid-May to mid-June across years, but within a year among systems it was seeded during a ≤3 d period in 17 of 20 yr. In 1997 In , 1999 was reseeded due to stand failure only in MTCS at 30, 14, and 6 d after the initial seeding. Corn hybrids and soybean cultivars were usually consistent among systems within years, but not among years. Corn hybrid maturity ratings ranged from 94 to 118 d and soybean cultivar maturity groups ranged from 3.6 to 4.6. Herbicide-tolerant soybean cultivars and corn hybrids were seeded in most years after 1998 and 2000, respectively. Soft red winter wheat was seeded in October each year at 2.88 to 3.79 million seeds ha -1 at depths ranging from 1.3 to 3.2 cm. Wheat cultivars were obtained from the Missouri Seed Improvement Association and varied over time. Wheat was not planted in the fall of 1990 because 1991 was the first year of the experiment, nor was it planted in the fall of 2004 or 2009 when seeding was prevented by excessively wet soil conditions. Instead, oat (Avena sativa L.) was seeded in the spring of 1991, 2005, and 2010 at 3.36 million seeds ha -1 to maintain a small grain crop in the rotation.
Cover crops in NTCSW following wheat were hairy vetch (Vicia villosa Roth) from 1993 to 1995 and medium red clover (Trifolium pratense L.) from 1996 to 2010. Hairy vetch was seeded at 0.232 million seeds ha -1 with oat shortly after wheat harvest during mid-July to mid-August. Medium red clover was frost-seeded at 1.36 to 2.72 million seeds ha -1 into winter wheat stands during mid-February to mid-March. The medium red clover crop failed to establish in 4 yr so other rescue cover crops were planted in the late summer to early fall. The rescue covers were soybean and cereal rye ( Oat and soybean as rescue covers were seeded at the same rates listed above for grain crop treatments, cereal rye was seeded at 4.44 million seeds ha -1 , and annual ryegrass was seeded at 7.01 million seeds ha -1 in 2006 and 4.52 million seeds ha -1 in 2007. The cover crop mix in 2009 was oat, cereal rye, purple top turnips (Brassica rapa L.), oilseed radish (Raphanus sativus L.), winter canola (Brassica napus L.), and Ethiopian cabbage (Brassica oleracea L.) seeded at 11, 11, 2.7, 2.7, 0.34, and 0.34 kg seed ha -1 , respectively. Cover crop cultivars varied over time and seed was obtained from local dealers where cultivar names usually were not stated.
Fertilizer. Fertilizers applied in all systems were synthetic. During 1991 to 2007, the entire annual total fertilizer N rate for corn was applied before tillage and corn planting as broadcast dry NH 4 NO 3 or solution urea-NH 4 NO 3 in MTCS, or was applied at corn planting as knife-banded dry NH 4 NO 3 or solution urea-NH 4 NO 3 about 10 cm to the side of the row in the two no-till systems. The exception was in NTCSW in 2000 and 2007 where N was split-applied with 33% of the total rate applied at planting and 67% as sidedress at the fourth to sixth vegetative corn growth stage (Abendroth et al., 2011) . During the last 3 yr of the study (2008) (2009) (2010) , N was split-applied in all three CS with 67% of the total at planting and 33% as sidedress in MTCS and the opposite split in the two no-till systems. Nearly every year, starter N was applied at ≤8 kg N ha -1 and at about 5 cm to the side of the row. Across 1991 to 2010, the average annual total fertilizer N rate for corn for MTCS, NTCS, and NTCSW was 213, 169, and 159 kg N ha -1 yr -1 , respectively (Table 2 ). In NTCSW, legume cover crop N credits (20-42 kg N ha -1 ) were subtracted from the total N rate for corn in 1997, 2002, and 2008 based on visual assessments of legume cover crop stand vigor in the spring. An urease inhibitor, Agrotain (Koch Industries, LLC, Wichita, KS), was applied with the major N application for corn, wheat, and oat in the spring of 2005 to 2010 (except 2008) at 8 to 22 oz ha -1 , depending on product label recommendations and forecasted weather conditions. The average annual fertilizer N rate for wheat across years was 113 kg N ha -1 yr -1 , with an average of one-third of the total applied in the fall at wheat seeding and the remainder applied the following February or March (Table 2) . Oat was fertilized at seeding in the spring with 34 kg N ha -1 in 1991, 75 kg N ha -1 in 2005, and 101 kg N ha -1 in 2010. Fertilizer N was not applied to soybean or legume cover crops with the exception of low amounts of N contained in P fertilizers that were applied across the whole plot area in a few years. In 3 of 5 yr (2002, 2003, and 2006) when cereal rye or annual ryegrass were used as covers following corn or wheat harvest, 22 to 34 kg N ha -1 was applied at seeding in the fall.
Fertilizer P and K were applied for corn production according to University of Missouri Extension recommended rates, usually on an annual-maintenance basis but sometimes on a bi-, or tri-annual basis (Buchholz, 2004) . In a few years (1992, 2004, and 2006) , all plots were fertilized with P and K to increase soil test levels. Wheat was fertilized with P and K during water quality monitoring years (1997) (1998) (1999) (2000) (2001) (2002) and in 2008. Phosphorus fertilizer was broadcast applied as Ca(H 2 PO 4 ) 2 , NH 4 H 2 PO 4 , and (NH 4 ) 2 PO 4 , and K fertilizer as KCl. Average annual rates of fertilizer P and K by system and crop are summarized in Table 3 . Lime was applied twice during the experiment to all plots in 1992 and 2000 at rates of 1023 and 1455 kg effective neutralizing material ha -1 , respectively. Sulfur was applied as gypsum before wheat seeding in NTCSW in 1999 NTCSW in , 2000 NTCSW in , and 2002 at 10 to 15 kg S ha -1 .
Insect, Disease, and Weed Control. Insecticide applications occurred only in corn and were consistent across systems. These included chloropyrifos [o,o-diethyl o-(3,5,6tricloro-2-pyridinyl) phosphorothioate] during 1992 to 1995, permethrin [(3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2 dimethylcyclopropanecarboxylate] during 1996 to 1999, and esfenvalerate [(s)-cyano (3-phenoxy phenyl) methyl (s)-4-chloro-a-(1-methylethyl) benzeneacetate] in 2005 and 2006. Foliar fungicides were not applied, but fungicide seed treatments occurred in many of the more recent years and were consistent across systems.
The majority of applied herbicides were broadcast and incorporated before planting in MTCS and were broadcast at preplant and/or post emergence and not incorporated in no-till systems. The exception was in NTCSW where herbicides were band-applied to both corn and soybean during 1991 to 1993. Furthermore, crop scouting of weed species and intensity was the basis of adaptive herbicide applications in NTCSW, which sometimes resulted in different and more frequent herbicide applications. In general, both 2-yr rotations had higher herbicide input than the 3-yr rotation. Annual application rates of the four major herbicides (alachlor: 2-chloro-N-[2,6-diethylphenyl]-N-[methoxymethyl]acetamide; atrazine: 6-chloro-N2-ethyl-N4-isopropyl-1,3,5-triazine-2,4 diamine; glyphosate: N-(phosphonomethyl) glycine in the form of its isopropylamine salt; and S-metolachlor: acetamide, 2-chloro-N-[2-ethyl-6-methylphenyl]-N-[2-mehoxy-1-mehylethyl]-,[S]) used in each crop and system are summarized in Fig. 1 . Additionally, average application rates across years are summarized in Table 4 . Various other herbicides were applied to corn and soybean as needed to control weeds.
Cover Crops and Residue. Cover crops in NTCSW were terminated solely with herbicides. The hairy vetch and medium red clover covers following wheat were generally terminated 2 to 4 wk before corn seeding in the spring with dicamba (3,6-dichloro-2-methyloxybenzoic acid) or both dicamba and 2,4-D ([2,4-dichlorophenoxy] acetic acid). In 6 yr (1999-2000, 2004-2005, 2007, and 2009 ), weeds also were chopped with a rotary cutter at about 15 cm above the soil surface following wheat harvest to help the medium red clover better establish or to prepare for seeding of the rescue cover. Cereal rye or annual ryegrass as a cover following the corn was terminated with glyphosate applied 1 to 3 wk before soybean seeding in the spring.
Covers or rescue covers were not mechanically harvested and removed except for medium red clover preceding corn in 2004 and 2008 and cereal rye preceding soybean in 2004 and 2006. Covers were removed these years to establish an adequate seedbed for grain crops, but cover crop yield was not measured and covers were still terminated with herbicide after harvest. Corn and soybean residue after grain harvest was not shred or removed from the plots. Wheat residue was sometimes shred, but was not removed.
Grain Yield. Grain crops were harvested after they had reached physiological maturity in all three systems. Corn and soybean were harvested during late September to late November and wheat was harvested during late June to early July. In 1991 through 1998, grain yield was measured in a stop-and-weigh fashion for each of the three LP using a weighbin fitted combine. Harvest segments were from 20 to 40 m of three rows. From 1999 to 2010, a yield monitor-equipped plot combine was used to collect 1-s interval yield measurements across the length of the plots. Mean yield for each LP was then extracted from this 1-s interval data. Grain yield moisture concentration was adjusted to 155, 130, and 135 g kg -1 for corn, soybean, and wheat, respectively. In 1991 In , 2005 when oat was used as a substitute for wheat, its yield was measured using the same methods as wheat, but oat yield was not used in this analysis.
Weather. Daily precipitation and air temperatures were obtained from an on-site weather station (Sadler et al., 2015b) and were used to calculate monthly total precipitation and monthly average air temperature. The 30-yr (1981-2010) normal monthly total precipitation and average air temperature were obtained from the nearest National Weather Service station (i.e., Mexico, Missouri).
Data Analysis
The first 3 yr of data (1991) (1992) (1993) were included in the summary of production and weather but not used in the yield analysis because these were establishment years and the effects of the CS were being initiated. Therefore, yield data from 1994 to 2010 were analyzed at a = 0.05 using the MIXED procedure of SAS (SAS Institute, 2006) with CS and LP as fixed Table 2 . Total annual synthetic fertilizer N rates applied to corn in three cropping systems and wheat and cover crop in one system during 1991 to 2010 near Centralia, MO.
Year 1991  190  140  137  34  0  1992  190  140  123  81  0  1993  195  140  120  84  0  1994  190  151  151  90  0  1995  190  151  151  101  0  1996  194  151  151  109  0  1997  190  151  113  116  0  1998  190  151  151  101  0  1999  197  151  151  108  0  2000  190  151  196 ¶  124  0  2001  184  153  153  137  0  2002  197  158  124  138  67 † †  2003  192  152  152  146  22  2004  192  152  153  104  0  2005  223  156  156  101  0  2006  234  195  195  100  0  2007  197  152  224 ¶  96  34  2008  267  212  170  141  0  2009  254  175  175  141  0  2010#  398  398  227  75  28  Avg. ‡ ‡  213  169  159  113 30 † MTCS, mulch tillage corn-soybean system. ‡ NTCS, no-till corn-soybean system. § NTCSW, no-till corn-soybean-wheat-cover system. Oat was seeded in 1991, 2005, and 2010 when wheat could not be planted. ¶ Equipment malfunction caused higher rate than intended. # Rates were high due to a rescue application of 168 kg N ha -1 in late July. † † 34 kg N ha -1 was applied to cereal rye following both corn and wheat harvest. ‡ ‡ Wheat avg. (kg N ha -1 yr -1 ) does not include oat and cover crop avg. only includes years with N applied. effects and block, year, and their interactions with fixed effects as random effects. The UNIVARIATE procedure of SAS (SAS Institute, 2006 ) was used to inspect residuals to ensure that the assumptions of normality and equal variance were satisfied (Kutner et al., 2004) . Landscape position could not be randomized and was therefore considered a repeated effect in all analyses. Several covariance structures were evaluated and the selected structure, first-order autoregressive, had the lowest fit statistics or best fit. Mean separation was conducted using Fisher's protected LSD at a = 0.05. Model covariance parameters estimates were used to determine the percent of total random variability caused by year and interactions involving year.
Unequal linear correlation between yield and year among a set of treatments confounds yield stability analyses due to external factors caused by treatment influencing environmental mean yields over time (Guertal et al., 1994) . Therefore, the linear correlations between yield and year for each CS and LP were examined with the REG procedure of SAS at a = 0.05. To test whether the linear coefficients or slopes of yield vs. year were different within crop and among CS or LP, a categorical and continuous regression with year, crop, and crop × year as independent variables was conducted using the GLM procedure of SAS at a = 0.05. The reference (i.e., intercept) treatment for each crop was either NTCSW or footslope. For the yield stability assessment, a two-tailed log-likelihood ratio test was first used to determine the significance of random interactions between year, CS, and LP. When interactions between year and fixed effects were significant at P ≤ 0.05, regression stability analysis (Finlay and Wilkinson, 1963; Raun et al., 1993; Grover et al., 2009; Coulter et al., 2011) was conducted using an EI that was calculated by crop (i.e., corn, soybean, and wheat) as the annual mean yield across CS and LP subtracted from the mean yield across years, CS, and LP. The EI by crop was then regressed against the annual mean crop yield by CS or LP using linear regression in the REG procedure of SAS (SAS Institute, 2006) . Quadratic regression was considered, but not used because correlation coefficients were not increased sufficiently to justify inclusion. The TEST statement in the REG procedure was used to determine whether each slope (b 1 ) estimate differed from a value of one and to determine with contrasts the differences among slopes (Coulter et al., 2011) .
Crop yield variability was assessed using the CV in yield across years for each block, CS, LP, and crop following the methods of Grover et al. (2009) . The mean yield CV across years by crop was then used as a dependent variable in another Fig. 1 . Major herbicide application rates for three cropping systems at Centralia, MO, during 1991 to 2010. MTCS, mulch tillage corn-soybean system; NTCS, no-till corn-soybean system; NTCSW, no-till corn-soybean-wheat-cover system. Table 4 . Average annual herbicide rates applied by system and crop during 1991 to 2010 near Centralia, MO. set of analyses using the same methods described above for testing the effects of CS and LP on yield.
RESULTS AND DISCUSSION
Growing season (April-September) total precipitation and average air temperature deviated from the 30-yr (1981-2010) normal by -308 to 523 mm and by -1.7 to 1.1°C, respectively, throughout the study (Fig. 2) . For ease of discussion, thresholds in annual growing season precipitation and air temperature from their respective 30-yr normal were selected; wet or dry conditions were >110 or <90% of the normal, respectively, whereas warm or cool were >105 or <95% of the normal, respectively. A lower threshold was used for air temperature than precipitation due to the scale of the data. In a similar manner, arbitrary deviations in annual yield (low or high at >110 or <90%, respectively) from the mean yield across years by crop were used.
Growing season conditions were wet in 6 yr (1993, 1995, 1998, 2003, 2008, and 2010) and dry in 7 yr (1992, 1994, 1997, 1999, 2002, 2005, and 2007 ). Conditions also were warm in 2005 and cool in 4 yr (1992, 1997, 2008, and 2009 ). In only 4 of the 20 yr, total precipitation and average air temperature both deviated considerably from the 30-yr normal. In 1992 and 1997, conditions were dry and cool and grain yield deviations of all three crops varied; all were within 10% of their respective environmental mean yield in 1997, but corn yield was high, soybean was near average, and wheat low in 1992. The lowest corn yield deviation (4.8 Mg ha -1 or 80% below the environmental mean) occurred in 2005, which was the only year with dry (-184 mm) and warm (+1.0°C) growing conditions. In contrast, the only year with wet and cool conditions (i.e., 2008) resulted in average corn and wheat yields (±6% of the mean), but soybean yield that was 0.8 Mg ha -1 or 33% below the mean. The highest corn yield (5.0 Mg ha -1 or 86% above the mean) and soybean yield (1.4 Mg ha -1 or 58% above the mean) occurred in 2009 when precipitation totals were near normal, but air temperatures were cool (-1.1°C). In contrast, slightly wet (69 mm above normal) and near normal air temperatures in 2003 resulted in the highest wheat yield of the study, but some of the lowest corn and soybean yields. The variable weather conditions experienced during this study provided a robust set of environments to test the effects of CS and LP on long-term grain crop production.
yield
The interaction between CS and LP significantly affected both corn and soybean yield across years (Table 5) . For both crops, year was the random effect that represented the major portion (67-73%) of the total variability in yield caused by all random effects, interactions involving year (i.e., year × CS, year × LP, year × CS × LP) represented ≤10%, and all other interactions of random effects were the remainder. The low variability caused by interactions among year, CS, and LP indicate that the main effects of CS and LP on yield were relatively consistent across years.
Corn yield was equivalent among CS on the summit (mean = 5.9 Mg ha -1 ), but was 0.65 Mg ha -1 (13%) higher in NTCS than the other two systems (mean = 5.2 Mg ha -1 ) on the backslope position (Fig. 3) . These results indicate that both . Values in parenthesis in the legend represent the mean annual grain yield or weather normals. Table 5 . Significance of F tests for the fixed effects of cropping system (CS), landscape position (LP), and their interaction on corn, soybean, and wheat yield and temporal yield variability during 1994 to 2010 near Centralia, MO.
Crop
Source of variation
Yield conservation CS with reduced inputs can maintain corn yield on the summit in relation to the more conventional MTCS system, as others have found with reduced-input systems in long-term studies without significant soil slope (Posner et al., 2008; Coulter et al., 2011) . The results of this study also indicate that systems with no-till and reduced agrichemical inputs alone may be sufficient to increase corn yield compared to MTCS on vulnerable backslopes where slope is greater and topsoil is shallower. Greater corn yield in NTCS than in MTCS on the backslope may be related, in part, to increased soil water infiltration and retention. Unfortunately, these soil water measurements were not collected for NTCS during 2002 to 2005 as they were for MTCS and NTCSW (Jiang et al., 2007a) ; however, results from the measured systems indicated that saturated hydraulic conductivity was higher in NTCSW than MTCS on the backslope, which suggests that NTCS also may have higher infiltration than MTCS. This potential benefit of NTCS for improving corn yield at the backslope did not occur in a 2-yr corn-soybean CS with reduced tillage and cover crops across 12 yr in an Illinois study (Olson et al., 2014) . Though it too was on a claypan soil, this Illinois study was on a much greater slope (6%) with much greater topsoil (A e /A p horizon) depth (64 cm).
It was striking that the addition of an extended rotation, cover crops, and further reduced and integrative agrichemicals in NTCSW did not produce the same detectable yield increase as NTCS on the backslope (Fig. 3) , especially because overall soil quality scores were higher in NTCSW plots than NTCS when measured in 2008 (Veum et al., 2015a (Veum et al., , 2015b . This lack of production benefit in NTCSW may be related to reduced corn plant populations in this system than in NTCS. Plant populations were not always measured in this study, but it was observed with general field notes that population was sometimes reduced in NTCSW due to the added difficulties of planting corn into the residues of terminated cover crops.
On the footslope position, mean corn yield in NTCSW was 6.1 Mg ha -1 and was 0.83 Mg ha -1 (14%) lower than the other two systems (Fig. 3) . This negative result likely was related to overly-wet soil conditions during planting caused by greater plant residues shading the soil, and increased soil compaction (measured with a cone penetrometer) on this LP in NTCSW relative to other systems (Jung et al., 2010) . Footslopes can be more susceptible to compaction than other positions because they receive additional runoff water from upslope positions and have deeper topsoil and higher soil water holding capacity. Additionally, greater compaction on the footslope in NTCSW compared to NTCS may have been caused by the increased traffic required to seed cover crops, to apply more frequent, integrative herbicides, or to the difference in traffic timing required for the added wheat crop. Thus, these factors of excessively-wet soil conditions at planting and traffic frequency and timing should be considered when seeking to overcome the potential yield disadvantage of conservation systems with notill, cover crops, and extended rotations on footslopes.
Overall, the yield advantages of the two conservation CS above MTCS were greater for soybean than corn. Soybean yield on the backslope across both conservation CS was 0.45 Mg ha -1 (24%) higher than MTCS. Furthermore, soybean yield at the summit and footslope in NTCSW was 0.21 Mg ha -1 (9%) and 0.26 Mg ha -1 (12%) higher than MTCS, respectively, but yield in NTCS on these positions was the same as both NTCSW and MTCS. Therefore, the 14% decrease in corn yield on the footslope in NTCSW was offset partially by the 12% increase in soybean yield on this LP relative to the other systems. In economic terms, the average annual loss in corn yield would equal US$141 ha -1 , and the gain in soybean yield would equal $99 ha -1 when using average national marketing year prices for both crops ($170 and $379 Mg -1 , respectively) across 2005 to 2014 (USDA-NASS, 2015).
The relative performance of corn and soybean in conservation or reduced-input vs. conventional CS has been studied in several long-term trials. Coulter et al. (2012) compiled 21 studies across the United States and compared the results from 167 site-years of corn and 121 site-years of soybean. Individual studies had mixed results; the relative advantage of soybean compared to corn in reduced-input or conservation CS vs. conventional CS was greater, equal, or lower. However, when averaged across all 21 literature studies, soybean showed an advantage over corn. Soybean in reduced-input systems produced 94% of the yield of conventional systems, whereas corn produced only 88%.
The equal increase in soybean yield on the backslope with both no-till systems above MTCS (Fig. 3) may be related to improvements in soil quality and how that impacts soil water storage and conservation, and suggests that no-till alone may be enough to increase soybean yield at this position. This outcome is supported by results from two long-term experiments in Illinois on a silty clay loam and silt loam soil with <2% slope where no-till improved soil quality (water aggregate stability and soil organic C and total N to 60-cm depth) in continuous corn, corn-soybean, and corn-soybean-wheat rotations to nearly the same extent that the extended rotation with wheat improved soil quality over the other rotations (Zuber et al., 2015) . It also is supported by biological and nutrient indicators of soil quality measurements in the present study in 2008 where soil organic C and total N to 5-cm depth were both higher in NTCS and NTCSW than MTCS (Veum et al., 2015a) . Additionally, both NTCS and NTCSW had significantly higher total Soil Management Assessment Framework scores (88 and 92, respectively) than MTCS (84). However, neither LP nor the interaction between LP and CS affected biological or total soil quality scores, which indicates that factors other than just soil quality are contributing to this response.
In NTCSW only, wheat yield was not affected by LP (Table  5 ) and averaged 2.8 Mg ha -1 across positions and years. As was the case with corn and soybean, the majority (77%) of the total random variability in wheat yield was caused by year, while the interaction between year and LP accounted for only 6%. Thus, the lack of LP effects on wheat yield was relatively consistent across years, which indicates that wheat would be a productive crop across gently sloping claypan soils in the midwestern United States, especially on vulnerable backslopes.
The results of LP effects on crop productivity contrast those found in dryland cropping systems. In a dryland cropping system trial in Colorado where corn and winter wheat were grown in wheat-corn-fallow and wheat-corn-proso millet (Panicum miliaceum L.) or sunflower (Helianthus annuus L.)-fallow rotations over 12 yr, corn and wheat yields were 43 and 29% higher, respectively, at the footslope than the summit and backslope (Andales et al., 2007) . A major reason among others for the varying effect of LP on corn and wheat productivity between this dryland study and the present rainfed study is large differences in precipitation and plant-available water between studies. On a rainfed claypan soil, our results indicate that LP does influence corn and soybean productivity, but not wheat, and that LP effects for the former two crops differ by CS.
yield Stability
The mean environmental yields (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) for corn, soybean, and wheat were 5.7, 2.4, and 2.9 Mg ha -1 , and annual yields deviated from the mean environmental yield by -4.6 to 5.6 (-85 to 98%), -1.2 to 1.5 (-53 to 62%), and -1.8 to 1.3 Mg ha -1 (-64 to 45%), respectively, for the three crops. Therefore, the percent deviation in soybean and wheat yield was similar, but corn yield deviation was 36% points higher than soybean or wheat. The mean soybean environmental yield was equal to the mean yield in the county where the plots are located (Boone County, Missouri; USDA-NASS, 2015) for the same time period (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . However, the mean environmental corn and wheat yields were 19 to 13% lower than the respective mean county yields. Lower average corn yield in this study than the county may be related, in part, to an unequal distribution of these crops on more productive soils (loess and alluvial) vs. susceptible claypan soils in the county.
To conduct yield stability analysis, no linear correlation can exist between yield and year, or if correlation exists it must be the same for all treatments being compared (Guertal et al., 1994) . The only significant linear correlations between yield and year were for soybean yield in NTCSW and on the summit, and wheat yield on the summit (Table 6 ). The slope of wheat yield vs. year on the summit was not statistically different than the slope on other LP indicating that stability analysis is appropriate. Conversely, the significant slopes of soybean yield vs. year were both different than slopes for other respective CS and LP. However, high variability in soybean yield across years (r 2 = 0.02 and 0.05 in NTCSW and on the summit, respectively) indicates that the correlation between yield and year was extremely poor and yield stability analysis is warranted for soybean. Regression stability analysis of yield was conducted for the year × CS interaction for corn and soybean, and for the year × LP interaction for corn, soybean, and wheat based on twotailed log likelihood ratio test results. Corn yield stability was influenced by CS (P = 0.034; Fig. 4 ). The slope of annual corn yield vs. EI was 0.18 lower in both conservation systems than MTCS. Thus, conservation CS increased stability or reduced the risk of corn yield change across environmental conditions by 16% compared to MTCS. These results are similar to those in another study in Minnesota on a gently sloping (0-3%) soil without a claypan where corn yield stability over 17 yr in a 2-yr corn-soybean CS was 26% greater for low vs. high external input (tillage, herbicide, and fertilizer) CS (Coulter et al., 2011) . The advantage of NTCS and NTCSW likely is related to their soil quality and water conservation improvements over MTCS, which have been reported as increased soil aggregate stability, increased total C and N, and increased biological and total Soil Management Assessment Framework scores (Jung et al., 2008; Chaudary et al., 2012; Veum et al., 2015a Veum et al., , 2015b . Therefore, corn grown on claypan soils will be most resilient to a range of environmental conditions caused by variable and extreme climate when it is produced in conservation systems with reduced inputs, extended rotations, and cover crops. Soybean yield stability also was affected by CS (P = 0.026; Fig. 5 ), but results were opposite of corn; both no-till CS had greater slopes or lower stability than MTCS. The slope of annual yield vs. EI was 0.23 higher in both conservation CS than MTCS. Thus, the reduction in soybean yield stability was nearly equal to the improvement in corn yield stability of both conservation CS relative to MTCS. This outcome could be related to greater variation in the linear correlation between soybean yield and EI for MTCS (r 2 = 0.86) than the conservation systems (r 2 = 0.96). It also may be related to Fig. 5 . Annual soybean yield by (top) cropping system or (middle) landscape position and (bottom) wheat yield by landscape position regressed against the environmental index (EI) or difference from the respective mean grain yield across all years, cropping systems, and landscape positions. All linear regression models were significant at P < 0.05. Within crop, CS, and LP, slopes with the same lowercase letter in parenthesis were not statistically different at P < 0.05. MTCS, mulch tillage cornsoybean system; NTCS, no-till corn-soybean system; NTCSW, no-till corn-soybean-wheat-cover system. Fig. 4 . Annual corn yield by (top) cropping system or (bottom) landscape position regressed against the environmental index (EI) or difference from the respective mean grain yield across all years, cropping systems, and landscape positions. All linear regression models were significant at P < 0.05. Within CS and LP, slopes with the same lowercase letter in parenthesis were not statistically different at P < 0.05. MTCS, mulch tillage cornsoybean system; NTCS, no-till corn-soybean system; NTCSW, no-till corn-soybean-wheat-cover system. residue management differences among CS; the incorporation of corn stover residue with tillage before soybean planting in MTCS may have increased its soybean yield stability (Yin and Al-Kaisi, 2004) . The similar study in Minnesota referenced above found that soybean yield stability in a 2-yr corn-soybean rotation was the same in low and high external input systems, but corn residue was incorporated with tillage in both systems (Coulter et al., 2011) . Therefore, conservation or low-input systems can either maintain or potentially decrease soybean yield stability in relation to conventional systems.
Landscape position strongly affected corn yield stability (P < 0.001) and marginally affected soybean yield stability (P = 0.054). Corn yield stability increased going downslope (summit > backslope > footslope) (Fig. 4) . The slope of corn yield vs. EI on the footslope was 0.35 (30%) lower than the slope on the summit. This difference was the largest among all sets of slopes compared in this investigation. Soybean yield stability also increased going downslope (summit and backslope > footslope). However, the influence of LP on soybean yield stability was about one-half that of corn; the slope of yield vs. EI on the footslope was 0.19 (18%) lower than the average of the other two LP. The lesser effect of LP on soybean yield stability likely relates to physiological differences between corn and soybean. Soybean, as an indeterminate crop, is much less susceptible than corn to poor growing conditions during the onset of reproductive crop growth stages. For both crops, footslopes likely had the highest stability because this LP generally has the highest plant available water content. This feature of the footslope is not as important for reducing risk of yield change in wheat because as a winter annual it is not as influenced by limited plant available water content during the late summer as are summer annuals.
In contrast to results for both corn and soybean, wheat yield stability was not influenced by LP (P = 0.45) and the average slope of yield vs. EI across LP was 1 (Fig. 5) . These results align well with the lack of LP effects on wheat yield discussed above. This work is among the first to investigate wheat yield stability as affected by LP. Other reports with wheat grown continuously or in rotation with corn have found increased stability resulting from various fertilization treatments (Berzsenyi et al., 2000; Hao et al., 2007) .
Temporal yield Variability
Across LP and CS, corn yield was the most variable (CV = 0.51), followed next by soybean (CV = 0.38), and then by wheat (CV = 0.30; only across LP). These results indicate a greater sensitivity to growing conditions for corn than the other two crops as reported by others (Sadras and Calviño, 2001; Smith et al., 2007) . Cropping system affected only corn yield variability ( Table 5 ). The CV of corn yield was 11% points higher in both MTCS and NTCSW than NTCS (Table 7) . This contrasts with the yield stability results that indicated corn yield was more stable in NTCSW than MTCS (Fig. 4) . It was unclear why corn yield was less variable in NTCS than the other two systems, but it may be related to improvements in soil quality of NTCS over MTCS (Veum et al., 2015a (Veum et al., , 2015b , and the lack of cover crops in NTCS compared to NTCSW. Cover crops sometimes caused delayed seeding and difficult seeding conditions due to increased moisture that could have increased corn yield variability. The lack of CS effect on soybean yield variability signifies a greater ability of soybean to adapt to conservation systems than corn.
Landscape position affected corn and soybean yield variability, but not wheat (Table 5 ). Corn yield variability was 10% points lower at the footslope than the other two LP (Table 7) . This outcome likely resulted from greater topsoil depth and plant available water content on the footslope position relative to other LP (Jiang et al., 2007b) , which would cause less variable and more stable growing conditions for corn. Similarly, soybean yield was 10% points lower at the footslope than the backslope, but the summit also was equally less variable than the backslope. The cause of lower variability at the summit compared to the backslope for soybean vs. corn yield may be related to less sensitivity to poor growing conditions of soybean over corn as discussed above.
The lack of LP effects on wheat yield variability relative to corn and soybean likely is related to it being a winter vs. a summer annual so it was not exposed to severe dry summer conditions normally experienced in July and August. This lack of LP effect also signifies the suitability of winter wheat as a crop to reduce variability and increase stability in CS on claypan soils. These results, however, likely do not apply to landscapes with more extreme slopes (>4%) because research in eastern Washington on these slopes found that wheat yield varied 33 to 55% across LP (Fiez et al., 1994) .
CONCLUSIONS
This study shows that on claypan soils, conservation CS with no-till and reduced chemical inputs or with no-till, extended rotations, cover crops, and integrative chemical inputs can sustain grain yield compared to a conventional system with more inputs. Furthermore, conservation systems often can increase yield on the backslope and can increase crop yield stability and reduce crop yield variability. These results will aid in the further acceptance, targeting, and use of conservation practices across claypan landscapes experiencing variable and changing climate. Footslope 0.31a † MTCS, mulch tillage corn-soybean; NTCS, no-till corn-soybean; NTCSW, no-till corn-soybean-wheat-cover. ‡ CV, coefficient of variation of grain yield across years and blocks. Within crop, CS, and LP groups, mean CVs followed by the same letter are not significantly different according to LSD (0.05).
§ Data are shown only for significant effects identified in Table 5 .
